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Abstract
Mammalian mitochondria contain multiple small genomes. While these organelles have efficient 
base excision removal of oxidative DNA lesions and alkylation damage, many DNA repair 
systems that work on nuclear DNA damage are not active in mitochondria. What is the fate of 
DNA damage in the mitochondria that cannot be repaired or that overwhelms the repair system? 
Some forms of mitochondrial DNA damage can apparently trigger mitochondrial DNA 
destruction, either via direct degradation or through specific forms of autophagy, such as 
mitophagy. However, accumulation of certain types of mitochondrial damage, in the absence of 
DNA ligase III (Lig3) or exonuclease G (EXOG), enzymes required for repair, can directly trigger 
cell death. This review examines the cellular effects of persistent damage to mitochondrial 
genomes and discusses the very different cell fates that occur in response to different kinds of 
damage.
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2. INTRODUCTION
Mitochondria are essential cellular organelles that provide energy in the form of ATP and 
important metabolic intermediates to a number of cellular functions including lipid 
biogenesis. In addition, mitochondria are important for other key processes including 
calcium homeostasis, iron-sulfur cluster biogenesis, and heme production. Interestingly, 
mitochondria also have several proteins with multiple roles; for example, cytochrome C 
carries electrons in the intermembrane space as part of the electron transport chain, but 
cytochrome C release is also responsible for triggering cellular apoptosis. Mitochondria 
maintain a small genome, which in human cells is 16,569 bp in length and encodes 22 
tRNAs, 2 ribosomal RNAs and 13 polypeptides. These polypeptides comprise seven 
subunits of Complex I, one subunit of Complex III, three subunits of Complex IV and two 
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subunits of Complex V. Most mitochondrial proteins are nuclear encoded, and all of the 
1000 plus proteins necessary for DNA replication, repair, and transcription must be 
imported into the mitochondria (1–3). Thus, synthesis of mitochondrial proteins must be 
well coordinated with nuclear events, and there is an important cross-talk between these two 
organelles (4). This chapter reviews evidence that mitochondrial damage and/or loss of 
mitochondrial DNA (mtDNA) repair proteins promotes a cascade of quality control events, 
including mitochondrial fission and fusion, and that when quality control is insufficient such 
insults may culminate in cellular loss, pathology and disease (Figure 1).
REPAIR OF MITOCHONDRIAL DNA
Base excision repair (BER)
Base excision repair (BER) in mitochondria has been well characterized (Figure 2 and Table 
1), as discussed in two recent and excellent thorough reviews (2, 3). Briefly, during the 
process of mitochondrial BER, one of several glycosylases recognizes a specific type of 
base damage, typically oxidized bases or bases with small adducts such as methyl groups. It 
seems logical that mitochondria would require this repair pathway, since most intracellular 
reactive oxygen species (ROS) are produced in mitochondria, and mtDNA suffers a larger 
amount of oxidative damage than the nuclear genome after exposure to oxidants, such as 
hydrogen peroxide (5). Thus, a common BER pathway involves 8-oxo-deoxyguanine 
glycosylase (OGG1). OGG1 removes the 8-oxo-deoxyguanine moiety by breaking the 
glycosidic bond between the DNA base and the sugar. OGG1 is a bifunctional glycosylase 
with an associated lyase activity of that can then cleave the resulting abasic site, leaving a 
3’-phospho-α,β unsaturated aldehyde. Monofunctional base damage specific glycosylases 
which lack lyase activity generate an abasic site that is acted on by apurinic/apyrimidinic 
endonuclease, APEI (also called ref-1), which cleaves the phosphodiester backbone. DNA 
polymerase gamma (PolG) requires a 3’-hydroxyl group, which serves as a primer on which 
to add new nucleotides, and APEI generates such an end in pathways involving both 
monofunctional or bifunctional glycosylases. Although PolGhas an associated lyase activity 
which removes deoxyribose moieties from DNA during single nucleotide (SN)-BER (the 
insertion of a single nucleotide during the repair of a damaged base) (6), PolGis thought to 
carry out strand displacement synthesis generating a 5’ flap that needs to be processed by a 
flap endonuclease when carrying out long patch (LP)-BER (7). LP-BER is required in the 
repair of oxidized bases lacking a 5’ aldehyde group (which would otherwise be acted upon 
by a lyase) and results in the synthesis of a repair patch containing 2–12 nucleotides. Flap 
structure-specific endonuclease 1 (FEN1), DNA replication helicase/nuclease 2 (DNA2), 
and exonuclease G (EXOG) have each been proposed to remove the 5’-flap generated in LP-
BER (reviewed in (3, 8)). Once the repair patch has been made by PolG and the 5’-flap has 
been trimmed, the resulting nick is sealed by the action of DNA ligase III (LIG3), which 
works both in the mitochondria and the nucleus (9).
Other pathways
Another repair pathway in mitochondria is direct reversal, in which mitochondria apparently 
have the ability to enzymatically reverse O6-methylguanine lesions (reviewed in (2, 3)). 
Some evidence also exists for mismatch repair and double strand break repair in mammalian 
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cells, the latter of which is discussed in more detail in section 5.3. However, one robust 
repair system that operates in the nucleus and is notably absent in the mitochondria is 
nucleotide excision repair (NER), reviewed in (2, 3, 10). Since NER is responsible for the 
removal of a wide range of DNA lesions that are caused by many environmental insults such 
as ultraviolet (UV) radiation, food contaminants (e.g. aflatoxin B1) and air pollutants (e.g. 
polycyclic aromatic hydrocarbons) the lack of removal of these replication-inhibiting lesions 
can lead to grave consequences for mtDNA stability, a problem examined in detail later in 
this article.
4. LOSS OF KEY MTDNA ENZYMES CAUSES CELL DEATH
EXOG
In 2008, the eukaryotic homolog of endonuclease G (ENDOG), EXOG, was found to exist 
exclusively in the mitochondria using several criteria including: 1) the identification of a 
bona fide mitochondrial leader sequence (MLS) which was later shown to promote 
exclusive mitochondrial localization of enhanced GFP; 2) gold particle-antibody labeling of 
EXOG that revealed the enzyme in the mitochondrial matrix, and 3) a demonstration of 5’ ↓ 
3’ exonuclease activity in highly purified mitochondrial extracts (11). Subsequently, 
working with Sankar and Szczesny, we found that siRNA knock down of EXOG resulted in 
persistent mtDNA damage as detected using a quantitative PCR (QPCR) assay, and the 
rapid onset of apoptosis (8). An analysis of highly purified mitochondrial extracts from 
EXOG-depleted cells showed that BER was interrupted prior to ligation, indicating that the 
loss of EXOG flap-endonuclease activity inhibited this pathway. MCF7 cells, which lack 
caspase-3 activity and were silenced for EXOG expression, have decreased oxidative 
phosphorylation, implicating EXOG in the maintenance of mitochondrial function (8). 
Further experiments in myoblasts have shown that the knockdown of EXOG causes cell 
death and that the ectopic expression of EXOG facilitates myoblast differentiation into 
myotubes, suggesting that age-related loss of EXOG in humans may contribute to the 
sarcopenia common in older individuals (12). Since EXOG is exclusively a mitochondrial 
protein (11), the collective data imply that a loss of EXOG exacerbates mtDNA damage 
through the build-up of toxic BER intermediates, which diminish organelle function due to 
the loss of mtDNA integrity and induce rapid mitochondrial-initiated apoptosis; strongly 
supporting the hypothesis that mtDNA damage is sufficient to cause cell death (Figure 3).
DNA Ligase III (LIG3)
DNA Ligase III (LIG3) is the only known DNA ligase activity in mitochondria. Thus, it 
might be expected that loss of this activity would cause persistent mtDNA damage and 
functional decline of mitochondria. However, since this enzyme also has important nuclear 
functions, its roles in mitochondrial and nuclear events have been difficult to dissect. The 
Jasin group used a pre-emptive complementation approach to both knock out the expression 
of DNA LIG3 and introduce either a nuclear or mitochondrial targeted protein. Surprisingly, 
cells containing the enzyme only in their mitochondria survived, while those cells having 
only nuclear DNA LIG3 were not viable. They further showed that active catalytic activity 
of DNA LIG3 in the mitochondria was responsible for this rescue. Furthermore, Jasin’s 
group in collaboration with our laboratory showed that the expression of any DNA ligase 
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activity in mitochondria was sufficient to rescue the knockout, maintain a high mtDNA copy 
number and support rapid repair of hydrogen peroxide-induced mtDNA damage (9). The 
McKinnon group extended this work in a mouse model showing that removal of DNA LIG3 
from the mouse nervous system resulted in mtDNA loss and profound mitochondrial 
dysfunction causing severe ataxia (13). Subsequent studies of DNA LIG3 deficient mouse 
embryonic fibroblasts revealed that ligase deficiency depleted mtDNA and that the cells 
could only be cultured in media supplemented with uridine and high levels of glucose, a 
hallmark of the rho(0) phenotype (14). Since the loss of mitochondrial DNA ligase activity 
has profound effects on cell viability, several researchers, including Tomkinson and 
coworkers, have synthesized specific inhibitors of DNA ligases for potential therapeutic use. 
These inhibitors can cause rapid onset of cell death and are potentially useful in the 
treatment of cancer (15, 16).
Apurinic/apyrimidinic endonuclease (APEI)
As detailed above, APEI is important in both nuclear and mitochondrial BER. Knock out of 
APEI in mice caused early embryonic lethality between implantation and day 5.5 post-
implantation (E5.5), and an inability to derive mouse embryonic fibroblasts (MEF) (17). To 
overcome this problem, Mitra and co-workers created a floxed allele of human APE1 
(hAPE1) in which the both mouse alleles of APE1 were deleted (18). While the human 
transgene was insufficient to allow normal embryogenesis and a viable mouse, the 
researchers were able to isolate MEF from day E9.5 embryos. Expression of Cre 
recombinase in these MEF caused loss of hAPEI expression and rapid onset of apoptosis. 
Loss of APEI was shown to result in rapid onset of caspase 3 activation and apoptosis (18). 
It has been demonstrated that APEI also has a crucial role in redox signaling, further 
protecting cells from oxidative stress. Subsequent work has suggested that the amino acid 
Cys-65 is vital for the redox activity of APEI. The C65S variant of APEI causes reduced 
protein folding and altered mitochondrial localization (resulting in the accumulation of APEI 
in the intermembrane space rather than allowing protein-mediated import of APEI into the 
matrix) (19). Taken collectively, these results indicate that mitochondrial localization after 
oxidative stress is essential for cell survival (19).
DNA polymerase gamma (Pol γ)
Mutations in DNA polymerase gamma (POL γ) might be expected to have profound cellular 
and organismal effects. Surprisingly, mutations in human POLG are quite common (20) and 
are associated with several dominant and recessive genetic diseases causing ataxia, liver 
failure, seizures and blindness (20). It is also interesting to note that mice expressing a 
variant of PolG lacking the 3’ ↓ 5’ exonuclease proof reading function accumulate 
mitochondrial mutations and age prematurely (21, 22). Mitochondrial-targeted catalase can 
partially restore cardiac function and longevity to these mice (23). Taken together, these 
studies suggest that an increase in mtDNA mutations can result in an elevated production of 
ROS, which if mitigated by catalase, can result in longer life span. Additional work is 
needed to directly test this hypothesis, as previous studies with the Pol γ exo deficient mice 
did not reveal evidence of free radical damage (22).
Van Houten et al. Page 4









EFFECT OF DNA DAMAGING AGENTS ON MTDNA
Oxidants
5.1.1. Oxidants cause more mitochondrial than nuclear DNA damage—Based 
on the premise that damaged templates cannot participate in an amplification reaction (24), 
my group developed a novel quantitative PCR assay for mtDNA damage and found that 
mtDNA was highly susceptible to damage by hydrogen peroxide (5, 25). Since hydrogen 
peroxide is exceedingly more reactive in the presence of divalent metal ions such as Fe2+, 
one explanation for this increased damage is the fact that mitochondria are important for FeS 
cluster biogenesis. These studies also showed that brief hydrogen peroxide exposure causes 
mtDNA lesions that are rapidly repaired, but protracted exposures results in persistent 
mtDNA damage and loss of mitochondrial membrane potential (5, 25). These findings 
raised questions about the fate of the ROS-damaged mitochondrial genomes and the 
subsequent rates of mitochondrial oxidative phosphorylation.
5.1.2. Oxidants cause loss of mtDNA and mitochondrial function—Wilson et al. 
showed that persistent mitochondrial damage causes rapid degradation of the mitochondrial 
genome (26, 27). Simultaneously, we showed that hydrogen peroxide induces significant 
persistent mtDNA damage, a 60% loss of mtDNA from cells, and a subsequent loss of more 
than 60% of mitochondrial function within eight hours of the exposure (28). Surprisingly, 
treatment with the alkylating agent, methylmethanesulfonate (MMS), at concentrations that 
cause an equal number of mtDNA lesions as hydrogen peroxide, did not induce mtDNA loss 
or loss of mitochondrial function (28). These studies indicate that oxidant stress causes not 
just mtDNA damage but also loss of mitochondrial DNA, perhaps through autophagy or 
mitophagy (discussed in more detail below).
5.2. UV-induced and bulky lesions
As described above (section 3.2.), NER is absent from mitochondria. As a result, damage 
that is normally repaired in the nuclear genome by NER persists in the mitochondrial 
genome. This is particularly important from the perspective of environmental exposures, 
because many environmental genotoxins cause damage that is only repaired by NER (29, 
30). Examples of such damage include photodimers, “bulky” DNA chemical adducts, and a 
small but potentially important subset of oxidative DNA damage. Some drugs, such as 
cisplatin, also cause DNA damage that is repaired by NER. Photodimers (including 6,4-
photoproducts and cyclobutane pyrimidine dimers) are caused by exposure to ultraviolet B 
and C wavelength ultraviolet radiation that has sufficient energy to cause the dimerization of 
adjacent DNA bases. “Bulky” adducts are formed by the binding of activated metabolites of 
various organic pollutants, including polycyclic aromatic hydrocarbons present in smoke 
and mycotoxins such as aflatoxin that often contaminate food items. Because these 
compounds are highly lipophilic, they often concentrate in mitochondria (31). Finally, a 
subset of the oxidative DNA damage that occurs at high levels in mtDNA (section 5.1.) is 
repaired in the nucleus by NER (32–34). Thus, all organisms are constantly faced with 
genetic insults that produce high levels of mtDNA damage that cannot be repaired.
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Some nuclear DNA polymerases bypass common DNA lesions (translesion synthesis) to 
confer cellular ‘tolerance’ to unrepaired damage. The sole replicative mtDNA polymerase, 
DNA Pol γ, appears to have very little translesion synthesis capacity; photodimers and bulky 
lesions are powerful blocks to mtDNA replication in vitro (35–37). There is also strong 
biochemical evidence that similar forms of damage inhibit transcription by the 
mitochondrial RNA polymerase (30, 38). Thus, common environmental exposures result in 
high levels of irreparable mtDNA damage and arrested DNA and RNA synthesis in vitro. 
These characteristics suggest a critical vulnerability for the mitochondrial genome. 
However, the mitochondrial genome can be replicated and degraded (via autophagy) without 
cell division, and its high copy number per cell may confer buffering. In fact, the 
mitochondrial population within a cell can be shuffled via fusion and fission of the 
organelles. What then might the effects of irreparable mtDNA damage be?
We carried out experiments in the nematode Caenorhabditis elegans to test the effect of 
persistent mtDNA damage, using a protocol that resulted in the accumulation of high levels 
of mtDNA photoproducts while allowing for the repair of most of the simultaneously 
induced nDNA damage (39, 40). This damage was generated by UV exposure in the first of 
the four larval stages of the organism. The irradiation resulted in lower levels of mtDNA 
(i.e., lower mtDNA copy number per cell), lower levels of ATP, lower levels of oxygen 
consumption, and dose-responsive inhibition of larval development (39, 40). The mRNA 
levels for mtDNA-encoded proteins were initially lower than in unexposed nematodes, but 
later rebounded (40). Persistent mtDNA damage generated by three exposures to 10 J/m2 
UVC radiation, which resulted in mild and reversible developmental delay (39), led to 
dopaminergic neurodegeneration in young adults (41). The mRNA levels for the mtDNA 
POLG were increased strongly and autophagy was induced, suggesting a compensatory 
response (39, 40). Genetic deficiencies in mitochondrial fusion and autophagy enhanced the 
larval arrest observed with UV irradiation (39), and mitochondrial fusion, fission, and 
autophagy genes were also required for the slow disappearance of photoproducts from 
mtDNA (39). It is important to note that these photoproducts are not removed by a DNA 
repair process but are depleted by loss of mtDNA during mitophagy. Genetic deficiencies in 
fission, while not exacerbating larval arrest, did cause a greater depletion of mtDNA after 
photoproduct formation (42). This work suggests that, in a process facilitated by 
mitochondrial fusion and fission, autophagy functions to remove mitochondria containing 
irreparably damaged mtDNAs. It also implies that mitochondrial fusion is particularly 
protective, at least in the short term, in the context of damaged mtDNA (42, 43). The longer-
term effects of persistent mtDNA damage, especially in the context of genetic deficiencies, 
is yet to be determined, as is the question of whether damaged mtDNAs are targeted for 
autophagic removal or simply are cleared as a result of normal or increased autophagy-
mediated removal of mitochondria. Regardless of the answer, the results discussed here 
highlight the fact that human genetic variation in the processes of autophagy and 
mitochondrial dynamics may sensitize some individuals to exposure to environmental 
genotoxicants.
It is important to note that work in mammalian cell culture has also demonstrated the slow 
removal of photoproducts (24, 44), coupled to mitochondrial degradation and induction of 
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autophagy (44), as well as effects of irreparable mtDNA damage on mitochondrial function 
(45). Interestingly, we did not observe major effects of photoproduct damage on 
mitochondrial function (44), potentially due to the much higher mtDNA copy number 
present in the mammalian cells compared to cells in C. elegans. On the other hand, Marullo 
et al. (46), who investigated the effect of cisplatin exposure in cell culture, were able to 
attribute a significant portion of the cellular toxicity to mitochondrial toxicity resulting from 
inhibition of mitochondrial protein synthesis and resultant production of ROS. The extent of 
these effects varied by cell type (46). The potential involvement of the recently-reported 
mitochondrial-derived vesicle (47) and transcellular (48) mechanisms of mitophagy in 
responding to irreparable mtDNA damage is not yet clear. Overall, the nematode and 
mammalian model systems are consistent in showing that levels of irreparable damage 
slowly decrease, but that the mechanistic consequences of such damage are likely to depend 
on the cell type.
Similarly, the long-term in vivo effects of irreparable mtDNA damage remain unclear. There 
is biochemical evidence that photodimers, metabolites of the air pollution constituent 
benzo(a)pyrene, and acrolein may all result in mtDNA mutations (35–37). This is important 
because mtDNA mutations cause approximately 200 known diseases affecting at least 
1/10,000 people (49, 50), but the origin of those mutations is not understood. To our 
knowledge, in vivo experiments designed to test whether exposure to such agents can result 
in heritable mtDNA mutations have not been carried out and are an important area of future 
research.
5.3. DNA double-strand breaks
DNA double-strand breaks (DSBs) occur endogenously following assault by ROS, errors in 
DNA metabolism by nucleases and topoisomerases, or arrest of DNA replication forks. 
These lesions are also produced by exogenous agents such as ionizing radiation and certain 
chemotherapeutic drugs. The repair of DSBs in the nuclear genome has been well 
characterized and is accomplished by three pathways: homologous recombination (HR); 
non-homologous end joining (NHEJ); and microhomology-mediated end-joining (MMEJ, 
also known as alternative NHEJ) (reviewed in (51) and (52)). HR is essential for the 
maintenance of mtDNA integrity in plants, fungi and yeast, and although mammalian 
mitochondria are capable of DSB repair, its relevance in vivo remains unclear. mtDNA 
recombination following the induction of DSBs by a mitochondrial-targeted restriction 
endonuclease was noted in mice (53). Using a mitoplast system, we detected DSB repair in 
vitro. This DSB repair results in the loss of nucleotides surrounding and including the 
original lesion (Figure 4). Consistent with previous literature, we found that several repair 
products contain short stretches of homology flanking the deleted portions of DNA, 
implicating MMEJ in mtDNA repair and associating DSB repair with the formation of 
mtDNA deletions (Figure 5) which are strikingly similar to those observed in patients with 
mitochondrial disorders and certain cancers. This microhomology mediated pathway might 
explain how such deletions occur in mtDNA and by definition cause loss of essential genetic 
information.
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It is yet to be determined if the mtDNA DSB repair observed in vitro represents the primary 
mechanism by which DSBs in mammalian mitochondrial genomes are resolved in vivo. 
Current data suggests that mitochondrial DSB repair pathways are unable to effectively 
repair excessive damage. In human and rodent cell lines, mtDNA molecules challenged with 
DSB induction via mitochondria-directed endonucleases are completely and irreversibly 
degraded (54). Similar induction of DSBs in a mouse model harboring heteroplasmic 
mtDNA results in rapid degradation of cleaved mtDNA molecules by endogenous nucleases, 
followed by replication of the uncleaved mtDNA haplotype (55). Such depletion of mtDNA 
along with increased mitochondrial replication following the accumulation of DSBs has 
been demonstrated in cardiac, liver and skeletal muscle cells (55–57).
Recent data provides evidence that mitophagy may also be important in responding to 
mtDNA DSBs, as for photoproducts (described above), serving as a clearance mechanism 
when mtDNA DSBs overwhelm repair mechanisms. Rapid declines in mtDNA copy number 
are followed by a reduction of the mitochondrial components of the electron transport chain 
such as cytochrome c oxidase (COX) (53), decreasing mitochondrial respiratory activity and 
contributing to ROS production and membrane depolarization. The organelle handles these 
insults via mechanisms that include fusion, fission and mitophagy (39). As described above, 
fusion provides genetic complementation by combining intact mitochondria with organelles 
containing mutated or depleted mtDNA (58), and fission provides a means of segregating 
mitochondria with excessive damage that are destined for destruction. Such mitochondria 
are removed via autophagy or mitophagy (see Figure 1). Chen et al. report that disrupting 
mitophagy in mitofusin 2-deficient mice results in the accumulation of mtDNA DSBs and 
linearized mtDNA products (57). This data supports the theory that unrepaired mtDNA 
containing DSBs are cleared via mitophagy. Failure of cells to remove mtDNA DSB 
products via mitophagy is sufficient to cause cardiomyopathy (57). The mechanism by 
which mtDNA DSBs cause end-organ damage is yet to be established. However, it is 
plausible that the loss of functional respiratory chain complexes secondary to mtDNA 
deletions and depletion is a factor. Dysfunctional oxidative phosphorylation along with 
differential susceptibility to oxidative stress has been shown to contribute to an increase in 
free radicals leading to cellular death and end-organ damage (59, 60). This pathway could be 
induced by the accumulation of broken mtDNA. Additionally, apoptosis is induced by 
persistent single-strand DNA breaks in the mitochondrial genome (8). A similar mechanism 
involving apoptosis may be initiated by the presence of mtDNA DSBs, leading to end-organ 
damage.
6. MtDNA DAMAGE/LOSS IN HUMAN DISEASE
Since oxidative damage to mitochondria and mtDNA causes functional decline of oxidative 
phosphorylation, it might be expected that organs with large demand for mitochondrially-
generated energy would be most affected by mtDNA damage. For example, Kearns-Sayre 
Syndrome (KSS) is a neurodegenerative disorder resulting in such impairments as chronic 
progressive external ophthalmoplegia, cardiac conduction abnormalities, cerebellar ataxia 
and proximal muscle weakness, affecting organs involving high oxidative stress and/or high 
metabolic demands. Patients with KSS have been found to have spontaneously inherited 
mtDNA deletions (similar to those observed in the MMEJ pathway discussed above) and 
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resulting cellular energy deficits that are postulated to be induced by oxidative mtDNA 
damage. Several other human pathologies have been associated with free radical damage 
and subsequent mtDNA damage and mitochondrial dysfunction (reviewed in (61)). These 
diseases include diabetes mellitus, liver diseases (e.g. hemochromatosis), cardiovascular 
disease (e.g. atherosclerosis) and several neurodegenerative diseases (e.g. Alzheimer’s, 
Parkinson’s Disease, Friedreich’s Ataxia and Huntington’s disease). In fact, multiple studies 
have linked human diseases associated with oxidative stress and loss of mitochondrial 
function to mtDNA damage (55, 59–67). Castro et al. showed that liver biopsies of aged 
rhesus monkeys have increased oxidative stress and greater mtDNA damage as compared to 
their younger counterparts, coupling end-organ pathology to oxidation-induced mtDNA 
damage (67). A mechanism similar to that proposed for aging (10, 68–71) is thought to 
occur in alcoholic hepatitis. A correlation of oxidative stress and reduced mitochondrial 
function also exists in neurological disorders (45, 68–70, 72–74) and lung injury (75). It will 
be of particular importance to test the combined effects of deficiencies in mtDNA 
homeostasis processes such as those described above with environmental exposures; for 
example, Stumpf and Copeland recently showed that MMS exposure leads to increases in 
mtDNA mutagenesis in the presence of human disease variants of PolG(76).
7. SUMMARY
This review highlights the effect of mitochondrial DNA damage on cellular respiration, 
survival and disease. Data discussed here suggests that mitochondrial DNA damage can 
trigger select removal of dysfunctional mitochondrial through fission and subsequent 
mitophagy, and loss of mitochondrial DNA repair can cause cell death, tissue pathology and 
organismic decline associated with aging and other degenerative diseases. Future work is 
needed to increase our understanding of the important cross-talk between mitochondrial 
DNA damage and other cellular events (4).
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Cellular responses to mitochondrial DNA damage. MtDNA damage can result from 
endogenous, cytoplasmic, and environmental sources, and the persistence of mtDNA 
damage can cause mtDNA degradation. Faulty repair or replication can result in mtDNA 
point mutations or deletions, resulting in heteroplasmy. Such mutations ultimately results in 
loss of mitochondrial function. Fusion provides genetic complementation through the 
mixing of mtDNA damaged/depleted products with intact mtDNA, a process which 
maintains mitochondrial respiratory activity. Fission segregates mitochondrial fragments 
containing excessively damaged or depleted mtDNA. Mitochondrial membrane 
depolarization and increased ROS production in the mitochondrial fragments triggers their 
destruction by mitophagy. Increased ROS or loss of DNA repair enzymes can increase 
mtDNA damage and mitophagy of dysfunctional mitochondrial fragments. When the 
affected population of mitochondria exceeds the threshold, cellular dysfunction and 
subsequent end-organ damage ensue. Red arrows trace the pathophysiological responses, red 
shading indicates severity of the cellular response to mtDNA damage. Black arrows trace 
mtDNA quality control mechanisms, shaded blue areas show protective responses to 
mtDNA damage.
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Mitochondrial base excision repair. Base damage is detected by one of several glycosylases, 
which are directed to the mitochondria through differential splicing and an MLS amino-
terminal sequence. Once a damaged base is removed, AP endonuclease (APEI) cleaves the 
phosphodiester backbone generating a deoxyribose moiety that can be excised by DNA 
polymerase γ (PolG) in short patch single-nucleotide (SN) repair. However, depending on 
the damage processing, mitochondria may also perform long-patch (LP) repair in which 
PolGdoes strand displacement synthesis creating a 5’ flap that must be cleaved by one of 
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several putative mitochondrial flap-endonucleases. Strong evidence suggests that EXOG is 
primarily responsible for this action. Once the flap has been processed, LIG3 can seal the 
newly synthesized repair patch. Loss of EXOG or LIG3 appear to be lethal to most 
mammalian cells tested. Adapted from reference (77) with permission.
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Consequences of losing either of two key mitochondrial DNA metabolizing enzymes. 
EXOG and LIG3 prevent the accumulation of mtDNA damage and subsequent loss of 
mitochondrial function. Loss of EXOG can increase ROS production and initiate a vicious 
cycle of mtDNA damage (8). Deficiency in either EXOG (8) or LIG3 (9) causes persistent 
mtDNA damage that can trigger a cascade of events including loss of the mitochondrial 
membrane potential, increased ROS generation, release of cytochrome C and apoptotic cell 
death.
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Human mitoplast protein extracts catalyze the repair of various DSBs. pUC-19 plasmid 
DNA was treated with PstI, BamHI or SmaI restriction endonuclease to create a single DSB 
containing either a 3’ or 5’ overhang or a blunt end respectively. The recognition sequences 
and cut sites of the endonucleases are given in the right panel. The DSB-DNA molecules 
(0.3.3 µg) were incubated with mitochondrial extracts from GM847 human fibroblasts and 
subsequent DSB repair was detected using QPCR and measured using Picogreen analysis. 
The subsequent fluorescence values were compared to those obtained using varying 
concentrations of the PCR standard DNA which were subjected to QPCR concurrently with 
the DSB-DNA repair samples and the concentration of DNA repaired by mitochondrial 
extracts calculated.
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Mitochondrial DSB Repair. The schematic represents our proposed mechanism for 
microhomology-mediated, DNA deletion-generating mitochondrial DSB repair. DSB-DNA 
undergoes 3’ to 5’ resection by PolG to reveal flanking DNA repeats. 3’ to 5’ resection must 
also be accompanied by a 5’ to 3’ exonuclease or a flap endonuclease activity to remove the 
remaining single strand regions of DNA. Synapsis occurs following resection, potentially by 
mitochondrial Single Strand Binding protein (mtSSB). The DNA repeats are annealed and 
strands ligated by LIG3, the sole mitochondrial ligase. The result is a circular molecule 
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containing the resected genetic material flanked by direct repeats. This type of mtDNA 
repair would cause a loss of expression of critical mitochondrial encoded proteins resulting 
in a drastic decrease in oxidative phosphorylation, as is seen in patients harboring deleted 
portions of their mtDNA genome.
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Table 1
Mitochondrial DNA repair enzymes
Enzyme Class/Function
• APE1 Incises at abasic sites
• EXOG & DNA2 exonucleases that remove flaps
• Pol γ dRP lyase and gap filling
• DUT1 hydrolyses dUTP to dUDP1
• ENDOG endonuclease2
• Lig3 ligates repair patches or DS breaks
• MGMT: O6-methylguanine DNA methyltransferase removes methyl group from O6-methylguanine
• MTH1, MutT homolog hydrolyzes 8-oxodGTP to 8-oxodGMP1
• MYH, MutY homolog removes A from 8-oxodG/A pairs
• NEIL2, endonuclease VIII homolog glycosylase/AP lyase removes oxidized bases
• NTH1, endonuclease III homolog glycosylase/AP lyase removes oxidized pyrimidines
• OGG-1 glycosylase/AP lyase removes 8-oxo-guanine from oxo-G/C pairs
• SSB single-strand binding protein2
• TFAM transcription factor A, member of the HMG family, binds DS DNA2
• UNG, uracil gly glycosylase, removes uracil
1
removes damaged nucleotide triphosphate from dNTP pool protecting misincorporation during DNA replication
2direct role in DNA repair has not been shown
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